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Introduction
Blockade of key T cell costimulatory pathways represents a more targeted strategy to prevent unwanted immune responses such as rejection in transplant recipients. Recently, belatacept, a high-affinity variant of the CTLA4-Ig fusion protein, became the first approved alternative to conventional nonspecific immunosuppression for kidney transplant recipients (1, 2) . Compared with patients receiving cyclosporine, transplant patients treated with belatacept enjoyed superior function of their transplanted kidney with fewer off-target toxicities and a 43% risk reduction of death or graft loss in a 7-year follow-up (3) (4) (5) . Despite these improvements, a significant subset of patients experienced elevated rates and grades of acute allograft rejection during belatacept therapy (6, 7) . Belatacept specifically interrupts T cell costimulatory signals mediated by CD28-CD80/CD86 interactions. Memory CD8 + T cells are capable of mounting alloimmune responses despite blockade of CD28 and CD154 costimulatory molecules (8) (9) (10) (11) . We recently demonstrated that a critical threshold of T cell memory can effectively predict belatacept resistance in patients and nonhuman primates (NHPs) and that belatacept-resistant rejection is uniquely characterized by allograft infiltrate that is more fully differentiated, with a unique proinflammatory cytokine signature (12, 13) . There are subsets of memory CD8 + T cells in humans and NHPs that lack CD28 expression altogether and rely on alternative signals for activation (14, 15) . One such signal is provided by the shared IL-2 and IL-15 cytokine signaling complex.
IL-2 and IL-15 signals depend on the assembly of high-affinity heterotrimeric receptors which share a β-chain (CD122) and common γ-chain (γ c ) (16) . The unique contributions of these cytokines to host protection and alloimmunity, while described, are not fully elucidated. Interestingly, IL-2/IL-2Rα knockout animals exhibit autoimmunity, whereas IL-15/IL-15Rα knockout animals have diminished CD8, IELS, NK, and NKT cells, suggesting that these 2 cytokines have unique biological roles despite a shared signaling complex (17) (18) (19) (20) . Blocking the shared IL-2/IL-15Rβ has ameliorated disease in a murine model of IL-15-dependent autoimmunity (21) . Additionally, we know that IL-15 signaling is critical for memory CD8 + T cell homeostasis and survival (22) (23) (24) . Exogenous IL-15 has been shown to induce expansion of memory CD8 + T cells in rhesus monkeys (25) . Inflammation may drive IL-15 production, leading to enhanced trafficking and proliferation of memory T cells following viral infection, but it is unclear what role IL-15 signaling has in transplant rejection, including its role in costimulation-independent T cell responses (26) . We and others have demonstrated that IL-2 and IL-15 signaling induces the loss of CD28 while providing other activation signals (27, 28) . Thus, signaling through the IL-2/IL-15 receptor complex may activate alloreactive T cells while making them increasingly resistant to belatacept due to loss of CD28. In support of this, recent studies by Traitanon et al demonstrate that IL-15 uniquely drives the proliferation of human alloreactive memory CD8 + T cells, despite costimulatory blockade (CoB) with CTLA4-Ig (29) . Here we demonstrate that blockade of the shared IL-2 and IL-15 receptor β-chain, CD122, synergizes with CoB to abrogate both primary and memory CD8 + T cell responses to transplanted tissue and results in prolonged transInterrupting T cell costimulatory signals as a strategy to control undesired immune responses, such as occur in autoimmunity or transplantation, has the potential to alleviate many of the unwanted side effects associated with current immunosuppressive therapies. Belatacept, a high-affinity version of CTLA4-Ig that blocks ligand ligation to CD28, has been approved for use in kidney transplant recipients. Despite the long-term benefits associated with its use, such as improved renal function and lower cardiovascular risk, a subset of patients treated with belatacept experience elevated rates of acute T cell-mediated rejection, tempering enthusiasm for its use. Here we demonstrate that costimulation-independent T cell alloreactivity relies on signaling through CD122, the shared IL-2 and IL-15 receptor β-chain. Combined costimulatory and CD122 blockade improved survival of transplanted tissue in mice and nonhuman primates by controlling proliferation and effector function of CD8 + T cells. The high-affinity IL-2 receptor was dispensable for memory CD8 + T cell responses, whereas signaling through CD122 as a component of the high-affinity IL-15 receptor was critical for costimulation-independent memory CD8 + T cell recall, distinguishing specific roles for IL-2 and IL-15 in T cell activation. These studies outline a novel approach for clinical optimization of costimulatory blockade strategies in transplantation by targeting CD122.
CD122 signaling in CD8 + memory T cells drives costimulation-independent rejection T cell responses. These data improve our understanding of the basic signaling requirements of T cells, and highlight the distinctive role of IL-15R in graft-specific memory responses.
Results

CD122 is highly expressed on antigen-specific memory CD8
+ T cells. High levels of CD122 expression distinguish memory CD8 + T cells and NK cells (31) . Consistent with previous reports, we observed elevated CD122 expression on nearly all activated (CD44 + ) CD8 + T cells following viral infection (32) . In a well-described model of acute viral infection with the Armstrong strain of lymphocytic choriomeningitis virus (LCMV), we found CD122 to be expressed on more than 95% of viral antigen-specific cells tracked with GP33 tetramer ( Figure 1A , corresponding FACS plot Figure 1C ). Virus-specific CD8 + T cells not only maintained CD122 expression over time but the CD122 MFI increased as the population of antigen-specific T cells matured to a memory phenotype ( Figure  1B , corresponding FACS plot Figure 1C ). We observed that IL-2/ IL-15Rβ (CD122) is expressed on both short-lived effector cells at the peak of response to infection (KLRG1   hi   CD127 lo CD8 + T cells) as well as memory T cells (KLRG1   lo   CD127 hi CD8 + T cells, Figure  1D ). Antigen-specific central memory CD44 +
CD62L
+ CD8 + T cells exhibited the highest expression of CD122 when compared with effector memory CD44 +
-CD8 + T cells at 3 months after infection ( Figure 1E , corresponding FACS plot Figure 1C ). Phenotypically, CD122 expression on antigen-specific cells suggests an important role for CD122 during acute responses and in memory.
Virus-specific and alloreactive CD8 + T cells demonstrate similar expression of CD122. We translated these findings to a model of transplantation to characterize CD122 expression on alloreactive CD8 + T cells during a primary challenge with an allograft. We characterized CD122 expression on alloreactive CD44 + CD8 + T cells (Figure 1 , F-J). The expansion, contraction, and homeostasis of alloreactive CD8 + T cells in a BALB/c (H-2 d ) to C57BL/6 (H-2 b ) skin transplant model was similar to LCMV acute infection as previously described (9) . CD122 expression on alloreactive CD8 + T cells was comparable to the LCMV-specific response and was similarly highest on central memory CD8 + T cells (T CM ) compared with effector memory CD8 + T cells (T EM ) (CD122 MFI T CM = 1,545 vs. T EM = 564, P = 0.0016, Figure 1J ). CD122 expression was increased at distant memory time points where CD122 + T cells are increasingly of a T CM phenotype ( Figure 1H ). These findings suggest an important role for CD122 signaling in alloimmunity and potentially a distinctive role in alloreactive CD8 + T cell memory. CD122 signaling underlies costimulation-independent rejection. Immunosuppressive strategies employing CoB have already shown promise in kidney transplant recipients, but wider adoption has been limited in part due to significantly elevated rates of T cell-mediated acute rejection (5) (6) (7) 33) . We sought to investigate the role of CD122 signaling in costimulation-independent rejection. C57BL/6 (H- Figure 2A ). Mice receiving anti-CD122 alone rejected with similar kinetics to untreated mice (MST = 10 days, Figure 2A ). CoB extended graft survival modestly compared with control animals (21 days vs. 10 days, Figure 2A ), but plant survival in mice and NHPs. Interestingly, blockade of the high-affinity IL-2 receptor failed to inhibit T cell recall and graft rejection, whereas blockade of CD122 controlled CD8 + memory T cells, suggesting recall responses uniquely require IL-15, but can dispense with IL-2. This data supports a role for IL-15 not only in memory T cell homeostasis but also in memory T cell activation, proliferation, and acquisition of effector function. In contrast, the high-affinity IL-2 receptor in combination with CoB is sufficient to prevent primary allo-specific T cell responses. CD122-directed therapy allows for blockade of 2 pathways involved in T cell activation, IL-2 and IL-15, which possess distinct functions as signal 3 cytokines in primary and recall responses, respectively.
We translated these findings into a preclinical, NHP renal transplant model where we characterized the expression of CD122 as a marker of antigen-experienced memory CD8 + T cells, and found that IL-15 augments effector function of T cells, more so than IL-2, across the spectrum of memory T cell differentiation. Belatacept-resistant allograft infiltrate was characterized by high expression of CD122, but not CD25. The addition of a novel humanized CD122 blocking antibody synergized with belatacept to abrogate alloreactivity in vitro and markedly prolong survival of NHP renal transplant recipients. These data offer a novel strategy for the optimization of CoB in transplantation and define a critical role for CD122 in both primary and secondary immune responses, as part of the IL-2 and IL-15 receptor systems, respectively. Our studies suggest that signaling through IL-2/IL-15R (CD122) directly contributes to costimulation independence. The translation of CD122-directed therapy for transplantation may be superior to currently approved therapies targeting CD25, which may also deplete regulatory T cells (30) . Furthermore, CD122-directed therapy has the benefit of interrupting the IL-2 receptor and the IL-15 receptor, inhibiting both primary and secondary alloreactive + T CM cells express higher levels of CD122 compared with T EM CD8 + T cells (P = 0.0016). P values generated by 1-way ANOVA with Tukey's multiple comparisons test (B, G). Student's t test, 2-tailed. Bars represent the mean ± SEM of 3 mice per group (E, J). All results, including FACS plots, represent 3 independent experiments (n = 3 mice/group). *P < 0.05; **P < 0.01; ***P < 0.001. in recall (22, 26, 32, (39) (40) (41) (42) (43) . Further confounding efforts to understand the respective contribution of these cytokines in generating memory responses is the role of costimulatory signals, particularly the CD40-CD154 pathways, which can support recall responses (44, 45) . Thus, we investigated the role of IL-2R and IL-15R signaling in CD8 + T cell recall in the setting of CoB. OVA-specific CD8 + T cells (OT-I) were transferred into naive C57BL/6 recipients and immunized with Listeria monocytogenes engineered to express chicken ovalbumin (Lm-OVA). After 30 days, mice were rechallenged with OVA-expressing skin grafts ( Figure 3A ). In the context of memory CD8 + T cell-mediated transplant rejection, anti-CD122 synergized with CoB to prolong graft survival indefinitely (MST > 100 days, P < 0.0001, Figure 3B ). CoB alone fails to significantly prolong graft survival (MST = 16 days). Animals treated with anti-CD122 alone rejected with similar kinetics to animals who received no therapy (MST = 11 days). We investigated the phenotypic and functional effects underlying prolonged graft survival in a model of memory CD8 + T cell-mediated acute graft rejection. CoB alone did not significantly reduce the frequency of graftreactive CD8
+ memory T cells compared with untreated mice ( hi exhausted phenotype on antigen-specific CD8 + T cells ( Figure 3E ). CoB+anti-CD122 reduced Ki67 expression in graft-reactive memory CD8 + T cells as well, suggesting that the difference in numbers was due at least in part to decreased expansion/proliferation ( Figure 3E ). These data suggest that signaling through the shared IL-2/IL-15Rβ chain during recall responses is critical for memory CD8 + T cell proliferation and effector function; however, the relative importance of IL-2R versus the IL-15R remained undetermined.
Antigen-specific memory T cells do not require the high-affinity IL-2R to mediate CoB-resistant rejection.
Currently approved immunosuppressive strategies for transplant recipients include the use of anti-CD25 therapies (46, 47) . The role of IL-2 and IL-15 in the generation of recall responses is the subject of great interest for vaccine development, cancer immunotherapy, autoimmunity, and transplantation (31) . We investigated the impact of the addition of a short course of anti-CD25 mAb as an adjuvant therapy to CoB in this memory T cell-mediated model of graft rejection. The addition of anti-CD25 failed to prolong graft survival (MST = 22 days, Figure 4A ), whereas the addition of anti-CD122 therapy, which blocks IL-15 and IL-2 signaling, prolonged graft survival indefinitely and controlled the expansion of graft-reactive memory T cells, relative to CoB or CoB+anti-CD25 ( Figure 4 , B and C). Mice who received OT-1 adoptive transfer and Lm.OVA immunization but no skin graft challenge were labeled "No Challenge" and utilized as controls. Combined CoB+anti-CD25 failed to control the frequency of cells entering the cell cycle compared with the significant reduction in animals treated with CoB+anti-CD122, as measured by the frequency of cells expressing Ki67 (mean frequency ± SEM of Ki67 + of Thy1. Figure 4D ). This increased combined CD122 and CoB prevented costimulation-independent rejection and prolonged allograft survival significantly (MST > 80 days, P < 0.0001, Figure 2A ). These data suggest that signaling through CD122 as part of either the IL-2 and/or the IL-15 receptor is critical for costimulation-independent rejection. We investigated the mechanisms underlying the survival benefit observed in animals treated with CoB+anti-CD122. CoB alone fails to completely suppress alloreactive CD8 + T cells, but the addition of CD122 blockade efficiently mitigates the generation of an alloimmune response ( Figure 2 Figure 2B ). In a model of graft-versus-host disease we found similar effects of combined CoB and anti-CD122 on alloreactive T cell proliferation and effector function ( Figure 2C ). These data suggest that in the absence of traditional costimulatory signals such as CD28 and CD154, signaling through CD122 supports the expansion, activation, and effector function of naive alloreactive T cells through the effects of IL-2 and/or IL-15.
CD122 signaling supports costimulation-independent memory responses. Immune memory can significantly contribute to transplant rejection (34, 35) . Memory T cells can readily function without the requirement of traditional costimulatory signals, resulting in allograft rejection despite CoB (9, (36) (37) (38) . Previous studies outlined an important role for IL-15 in memory T cell homeostasis, but the role of IL-2 and IL-15 in the generation of effective memory T cell responses remains unclear, with some groups demonstrating a critical role for IL-2 in the generation of effective recall responses, whereas others have shown an important role for IL-15 signaling + T cells in the spleen (P = 0.0002) and dLN (P < 0.0001). (C) In a model of acute graft-versus-host disease, C57BL/6 splenocytes were labeled with CTV and transferred into sublethally irradiated BALB/c recipients, which were either untreated (No Rx), treated with CoB, or treated with CoB+αCD122. After 72 hours, splenocytes were harvested and assessed for CTV-labeled cell division as depicted in representative histograms. Both CD8 + (P < 0.0001) and CD4 + (P < 0.0001) alloproliferation was significantly constrained with combination CoB+αCD122 treatment. P values were generated by 1-way ANOVA followed by Tukey's multiple comparisons test; bars represent the mean ± SEM of 3-5 mice per group (B-C). Results are representative of 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. jci.org Volume 128 Number 10 October 2018
cell cycle entry may be due to inhibition or reduction of Tregs in CoB+anti-CD25-treated mice. Previous studies underscored the importance of the highaffinity IL-2 receptor in costimulation-independent rejection during a primary allo-immune response (48) . Our studies confirmed these results, demonstrating that both anti-CD25 and anti-CD122 synergize with CoB to prolong graft survival during a primary response ( Figure 4E ). These data suggest that the IL-15R receptor is necessary for costimulation-independent memory T cell responses, whereas the high-affinity IL-2R receptor is dispensable. In the setting of a primary allo-immune challenge, costimulation-independent cells rely on the high-affinity IL-2 receptor. Tar- In an effort to evaluate whether these findings were potentially translatable to patients we sought to characterize the phenotype and function of CD122 on CD8 + T cells in a preclinical model using rhesus macaques. We first characterized CD122 expression on CD8 T cells using an appropriate isotype control ( Figure 5, A-E) . CD122 In the BALB/c to C57BL/6 skin transplant model, a primary alloimmune challenge, the addition of αCD25 therapy (black squares), which interrupts the high-affinity IL-2R, demonstrated similar efficacy in prolonging allograft survival as the addition of αCD122 (black circles), which blocks both the IL-2R and IL-15R complexes. P values were generated by 1-way ANOVA followed by Bonferroni's multiple comparisons test. Bars represent the mean ± SEM of 3-9 mice per group. Results are representative of 5 independent experiments. **P < 0.01, ****P < 0.0001. (n = 2, MST = 7 days, Figure 6C ). The combination of CoB using belatacept and anti-CD122 significantly prolonged kidney transplant survival in NHPs (n = 5, MST = 138 days, P < 0.0001, Figure  6C ). We did not observe a marked increase in viral reactivation, confirming an absence of overt over-immunosuppression (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI95914DS1). These data indicate that belatacept-resistant rejection relies on CD122 signaling. We assessed the impact of combined belatacept plus anti-CD122 as compared with belatacept alone and found no significant impact on T cell subsets ( Figure 7A ). Belatacept+anti-CD122 improved survival compared with belatacept alone; however, the kinetics of rejection on combination therapy allowed for further intragroup comparison. Two animals, C1 and C2, rejected on combination therapy (day 35 and day 67) whereas one animal rejected after cessation of anti-CD122 (C3, day 148), and 2 animals rejected after withdrawal of both anti-CD122 and belatacept (C4, day 177 and C5, day 218). Further analysis revealed no significant differences in pretransplant memory T cell immunophenotype; however, graft-infiltrating CD8 + T cells in animals that rejected after withdrawal of all therapy (C4 and C5) demonstrated a similar phenotype with increased CD28 + memory T cells. This is in contrast to animals that rejected on combination therapy (C1 and C2), in which there were higher frequencies of CD28 -infiltrate (C1 69% and C2 55% vs. C4 37.3% and C5 37%, Figure 7C ). While there were no significant pretransplant differences in T cell immunophenotype between belatacept or belatacept+anti-CD122-treated animals, only 3 belatacept monotherapy animals had sufficient graft infiltrate to analyze with FACS and interestingly, all demonstrated a marked CD28 -allograft infiltrate ( Figure 7 , A-C). Flow cytometric characterization of belatacept-resistant rejectors revealed uniform upregulation of CD122, but not CD25, on all graft-infiltrating T cells at the time of rejection ( Figure 7C ). Importantly, both belatacept and belatacept+anti-CD122-treated animals did not develop donor-specific antibody (DSA) while on combination therapy ( Figure 7D ).
Regulatory T cells play a key role in graft tolerance, and may be adversely impacted with current CD25-directed therapies. We assessed the longitudinal peripheral blood frequencies of Tregs (CD4 + CD25 + FoxP3 + ) and found no significant impact on the frequency of Tregs with either belatacept monotherapy or the combination of anti-CD122 and belatacept ( Figure 8A ). We did, however, measure the frequency of CD4 + CD25 + FoxP3 + cells within graft infiltrate and found a trend toward an increased frequency of Tregs in the combination belatacept+anti-CD122-treated animals ( Figure 8B ).
Discussion
The introduction of potent, nonspecific immunosuppression with calcineurin inhibitors dramatically improved short-term outcomes in solid organ transplantation. Despite excellent improvements early after transplantation, the late outcomes remain essentially unchanged and represent the greatest challenge for transplant recipients (49) . Unfortunately, most transplant patients eventually lose their allograft from rejection or die as the result of increased cardiovascular complications or infections. The advent of CoB as a more targeted strategy for transplant immunosuppression has is highly expressed on T CM (CD28 Figure 5L ). Increasing, albeit supra-therapeutic, concentrations of IL-2 may elicit similar responses ( Figure 5K ). We have previously reported that CD28 + memory T cells in rhesus monkeys and humans predict CoB-resistant rejection (12, 13) . We found CD28 + memory T cells more responsive to exogenous IL-15 than CD28 -memory T cell subsets ( Figure 5L ). To better understand the mechanism(s) by which CD122 signaling contributes to alloreactivity, we utilized an ex vivo mixed lymphocyte reaction with NHP PBMCs. We found that IL-15 augmented alloreactivity, specifically by increasing proliferation and effector function, and IL-15 induced a loss of CD28 expression in CD8 + T cells ( Figure  6, A and B) . Belatacept fails to inhibit alloreactivity in vitro, but the addition of a humanized CD122-specific monoclonal antibody (HuABC2) synergistically inhibits proliferation, effector function, and CD28 downregulation in CD8 + T cells without evidence of increased cell death ( Figure 6, A and B) . These data suggest CD122 signaling, particularly via IL-15, in primate CD8 + T cells is sufficient to support costimulation-independent responses, and in fact CD122 signaling drives the loss of the costimulatory molecule CD28 while augmenting proliferation and effector function, potentiating therapeutic resistance to CD28-directed therapies, such as belatacept.
A humanized anti-CD122 mAb synergizes with belatacept to significantly prolong allograft survival in NHPs. We next tested whether treatment with a humanized anti-CD122 antibody would impact CoB-resistant rejection in a NHP kidney transplant model ( Figure  6C ). This rigorous model gives rise to allograft rejection that is resistant to CoB with belatacept monotherapy (1). We observed no survival benefit in animals treated with anti-CD122 monotherapy 
CD95
+ cells (P < 0.0001). (H-J) P values were generated by Student's t test, 2-tailed. (L) P values were generated by 1-way ANOVA followed by Tukey's multiple comparisons test; bars represent the mean ± SEM of 3-6 rhesus macaques. Results are representative of 3 independent experiments. *P < 0.05; **P < 0.01; ****P < 0.0001. jci. + Tregs, which rapidly express the high-affinity IL-2R as predicted by high expression of CD25. On the other hand, CD122 expression is highest on CD8 + memory T cells and NK cells, allowing for formation of the high-affinity IL-15R. IL-15Rα is expressed in trans by antigen presenting cells, as well as by a number of peripheral tissue cell types, notably in renal epithelium (53) . IL-15Rα presents IL-15 in complex and binds with 150 times greater affinity than circulating IL-15 to cells expressing CD122 and the common γ-chain (50, 53, 54) .
The current body of knowledge emphasizes a critical role for IL-2 in the generation of effective primary immune responses, memory differentiation, and recall, whereas IL-15 is conceptualized as providing homeostatic proliferative signals for memory T cells, and recently, potentially providing inflammatory signals to increase memory T cell cycling (26, 41, 43, (55) (56) (57) . The type of immune challenge used in these studies, the chronicity and antigen load, as well as the strength and duration of cytokine signaling, influences the quality of CD8 + T cell memory development and recall responses (58) (59) (60) (61) . It is likely that costimulation confounds studies of the individual contributions of either IL-2 or IL-15 (45, 62, 63) . Costimulation provides a set of redundant activation signals that may obscure the unique contribution of either IL-2 or IL-15 in recall in studies utilizing IL-2/IL-2Rα or IL-15/ IL-15Rα mice (42, 63) . In our studies, the use of CoB revealed distinct roles for IL-2R compared with IL-15R. The high-affinity IL-2R was dispensable for effective memory CD8 + T cell recall responses, whereas blockade of CD122, which interrupts both IL-2R and IL-15R, abrogated memory CD8 + T cell-dependent graft rejection. The source and sequence of events leading to IL-15R-mediated costimulation-independent recall responses in graft rejection requires further investigation.
Targeting CD122 provides the opportunity to block 2 distinct pathways that support T cell responses with a single reagent. Both allograft rejection and autoimmune disease are characterized by naive and memory T cell recruitment into a pathogenic response, thus there is a need to address both primary and recall responses in order to ameliorate disease. Previous studies have underscored the potential of the IL-15 pathway to mediate autoimmune disease and allograft rejection. Interruption of IL-15 signaling alleviated autoimmunity and prevented islet allograft rejection (21, (64) (65) (66) (67) (68) . Current, clinically approved therapeutics in transplantation are designed to solely interrupt the high-affinity IL-2R in order to promote allograft acceptance (46, 47) . Our data suggest that targeting both the IL-2 and IL-15 pathways with a single agent, anti-CD122, may be a superior strategy for limiting pathogenic T cell responses.
Beyond its role as a signaling receptor subunit for both IL-2 and IL-15, recent studies have identified CD122 expression as a marker of stem cell memory T cells (T SCM ) (69) (70) (71) . These cells have superior proliferative capacity compared with conventional T CM or T EM and in a model of graft-versus-host disease these cells required CD28 and IL-15 signaling (72) . Studies aimed at assessdemonstrated the first evidence of improved long-term outcomes and graft function in the setting of clinical trials and in posttrial use (5, 7). However, a significant number of patients treated with belatacept experienced elevated rates and grades of acute rejection within the first 6 months of transplantation (6, 7) . Studies that investigate T cell reactivity in the setting of CoB improve our understanding of the dynamic signaling requirements of T cells while addressing a pressing clinical need for safer, more specific forms of immunosuppression. Signal 2 (costimulation) and signal 3 (provided by cytokines) are synergistic and in some respects redundant; in the absence of signal 2, signal 3 cytokines can support robust responses. Here we focused our investigation on the ability of signal 3 cytokines IL-2 and IL-15 to support costimulation-independent rejection. We evaluated a strategy to block both IL-2 and IL-15 signaling with a single, CD122-directed reagent in mice, and then translated our findings into a preclinical model utilizing NHPs in order to optimize CoB strategies in the setting of transplantation. The addition of anti-CD122 offered several key advantages to current transplant immunosuppression strategies: (a) abrogation of the primary immune response, (b) superior attenuation of memory CD8 + T cell recall compared with strategies targeting the high-affinity IL-2R, and (c) sparing of Tregs, which are targeted by current CD25-directed therapies in transplant, with a possible increase in the frequency of intragraft Tregs in NHPs.
IL-2 and IL-15 are structurally and genetically distinct cytokines, sharing little sequence similarity. Though these cytokines share 2 signaling subunits, CD122, the shared IL-2 and IL-15 receptor β-chain, and CD132 the common γ-chain (γ c ), they have distinct contact residues with CD122 and CD132 (50) . Their nonredundant roles are highlighted by the divergent phenotypes of IL-2/IL-2Rα -/-mice, which suffer from autoimmunity due to CD4 Acute graft-versus-host disease model C57BL/6 splenocytes were labeled with 10 μM Cell Trace Violet (CTV, C34571, Invitrogen). C57BL/6 CTV-labeled splenocytes (3 × 10 7 ) were transferred i.v. into sublethally irradiated (800 rads) BALB/c recipients, and selected groups received therapy on days 0 and 2 as described above. Splenocytes were harvested on day 3 and analyzed by flow cytometry to assess CTV-labeled cell division. Experiments involved 3-5 mice per group, and were verified in 3 independent repeats. Donor-recipient pair selection and kidney transplantation All experiments described herein were performed in compliance with the principles set forth in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, DHHS). Outbred rhesus monkeys (Macaca mulatta) ranging between 3 and 5 years old were obtained from AlphaGenesis, Inc., and Yerkes National Primate Research Center. Donor-recipient pairs were chosen to maximize genetic disparity at both MHC class I and class II alleles based on 454 deep-sequencing analysis (University of Wisconsin, Madison, WI). Animals were heparinized (100 U/kg) during organ procurement and implantation. Left native nephrectomy was performed at least 3 weeks prior to transplantation, and a completion right native nephrectomy was performed at the time of transplantation. All transplanted animals were monitored with daily clinical assessment and serial laboratory evaluations, including complete blood count and serum chemistry. Animals demonstrated excellent graft function postoperatively and were sacrificed at the time of allograft rejection, defined by graft dysfunction. Depressed renal function pursuant to allograft rejection was determined by 2 consecutive measurements of Cr greater than 5 or BUN greater than 120.
NHP experimental groups and immunomodulation
Rhesus macaques underwent bilateral nephrectomy and life-sustaining renal allograft transplantation. All donor-recipient pairs were MHC defined and maximally mismatched. Five animals received belatacept (Bristol Myers Squibb) as follows: d0, 10 mg/kg; d4, 15 mg/ ing the role of T SCM in alloimmunity and autoimmunity, and the role of CD122 as a phenotypic or functional marker, may aid in the development of therapeutic strategies. Others have defined a role for CD122 + CD8 + T cells as a potent regulator of the immune response (73, 74) . In both mice and NHPs, we found that the addition of CD122 blockade prolonged allograft survival. Current, clinically approved CD25-directed therapy is thought to have a detrimental impact on conventional Tregs, which support allograft tolerance. Adoption of a strategy that targets CD122 rather than CD25 may spare CD4 + CD25
+ Tregs, as we found that addition of CD122 blockade may lead to increased intragraft Tregs. The physiologic impact of CD122 + CD8
+ regulatory T cells, and any potential detrimental impact of CD122-directed therapy on this tolerogenic subset, warrant further study.
In this report we outline a new strategy for the optimization of clinical CoB, built on a finer mechanistic understanding of the role of IL-2R and IL-15R. We translated these findings from the murine to NHP model of kidney transplantation utilizing a humanized antibody directed at CD122. Costimulation-independent responses highlight the unique role of IL-2 and IL-15, and together with emerging data regarding the capacity of IL-15 to uniquely support costimulation-independent responses of human memory CD8 + T cells, these studies provide the basis to explore potential future clinical translation (29) . ) (76) were purchased from The Jackson Laboratory. All animals were maintained in accordance with Emory University IACUC guidelines. All animals were housed in pathogen-free animal facilities at Emory University. Murine Surface stains and flow cytometry. Spleens or draining axillary and brachial LNs were stained for CD4, CD8, Thy1.1, CTLA4, PD-1, KLRG1, CD127, CD62L, CD122 (clone 5H4, different regional binding site than ChMBC7), and CD44 (Biolegend). Samples were analyzed using an LSRII FACS machine (BD Biosciences). Data were analyzed using FlowJo software (Treestar). Intracellular cytokine staining. Where indicated, responder lymphocytes or splenocytes were stimulated with PMA/ionomycin or 10 nM OVA257-264 (Genscript) in the presence of 10 μg/ml Brefeldin A for 4-5 hours. An intracellular staining kit was used to detect TNF, IFN-γ (Biolegend), and IL-2 (BD Biosciences) according to manufacturer's instructions.
Methods
Statistics
Survival statistics were calculated using a log-rank test. T cell frequencies, absolute numbers, and MFI were compared using 1-way ANOVA with Tukey's multiple comparisons test, or unpaired t test (comparison between 2 groups). Data were analyzed using Prism 6 (GraphPad Software). P < 0.05 was considered statistically significant.
Study approval
Both murine and NHP experimental subjects received humane care and treatment in accordance with Emory University IACUC guidelines, and all experimental protocols utilizing animals were conducted with approval by Emory University's institutional review board.
Author contributions
DVM and ABA designed the study and experiments. DVM conducted the murine infection and skin graft experiments, primate experiments, and data analysis, and wrote the manuscript. YD helped with murine skin graft experiments. DVM, ABA, LBH, and SCK performed primate kidney transplants. CPB assisted with primate flow cytometry. JYT developed murine and humanized anti-CD122 mAbs. EAS and JJ provided veterinary care and supervision of primate experiments. CPL provided help with experimental kg; d14-d28, 20 mg/kg weekly; d42, 20 mg/kg; d56, 20 mg/kg; d84, 20 mg/kg; d112, 20 mg/kg; d140, 20 mg/kg. Two animals received 5 mg/kg anti-CD122 alone (HuABC2, JN Biosciences) on d0, d4, d7, d14, d21, d28, d42, d56, and d70. HuABC2 is available from JN Biosciences via material transfer agreement. Five animals received combination belatacept and anti-CD122 as described ( Figure 6C ).
Antibodies and flow cytometric analysis
Nonhuman primates. Flow cytometric analysis was performed up to 3 times before transplantation and serially after transplantation to characterize peripheral blood immune cell phenotypes. Total T cells and T cell subsets were quantified by complete blood cell count and flow cytometry. Fresh PBMCs were isolated by Ficoll density gradient centrifugation (BD Biosciences). PBMCs were stained with the following mAbs: CD3 PacBlue, CD95 V450, CD3 Alexa 700, CD4 PerCP-Cy5.5, CD8 V500, CD28 PE-Cy7, CD25 PE-Cy7, IFN-γ PE-Cy7, CD28 APC, TNF APC, CD122 (both clones Mik2 and Mikβ3) (all from BD Biosciences). PE human IgG1 isotype control clone QA16A12 was utilized to define CD122 expression in Figure 5 (Biolegend). PBMCs (1.5 × 10 6 ) were incubated with appropriately titered antibodies for 15 minutes at 4°C and washed twice. For intracellular staining, cells were fixed and permeabilized using the BD Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer's instructions. Intracellular staining was performed with FoxP3 V450 (Biolegend) to detect Tregs. Samples were acquired immediately on a BD LSR II multicolor flow cytometer (BD Biosciences) and data were analyzed using FlowJo software (Tree Star). For mixed lymphocyte reactions, 1 × 10 6 PBMCs were labeled with CFSE labeling dye, and incubated with CTV-labeled and irradiated MHC mismatched stimulator PBMCs (1 × 10 6 ). For the stimulation assay, 1.5 × 10 6 PBMCs were cultured in RPMI 1640 (Corning Cellgro) supplemented with 10% fetal bovine serum and stimulated with 10 μM phorbol 12-myristate 13-acetate (PMA) and 200 nM ionomycin (SigmaAldrich) for 5 hours. IL-2 (100 ng/ml) and/or IL-15 (10 ng/ml) were utilized in both 4-5 hour stimulations ( Figure 5 ) and in mixed lymphocyte reaction (MLR) (Figure 6 ) as described (Peprotech). PBMCs were washed twice prior to antibody staining and data acquisition. 
